INTRODUCTION
During the last 20 years glucose 6-phosphate (G6P) transport has been well characterized in liver microsomal fractions [1] [2] [3] . This transport system is required for the access of the substrate to the glucose-6-phosphatase (G6Pase ; EC 3.1.3.9) enzyme, which is situated in the hepatic endoplasmic reticulum (ER) lumen ( [3] and references therein). The genetic deficiency of this G6P transport activity causes a severe metabolic disease termed type 1b glycogen storage disease (GSD1b) [4] . A gene encoding a putative liver ER transporter for G6P (G6PT1) was cloned [5] and shown to be mutated in patients suffering from GSD1b [5] [6] [7] [8] [9] [10] [11] [12] [13] . In this disease the major tissue damage is present in liver and kidney, consistent with the high representation of the G6Pase system in these organs [14] . In addition, many GSD1b patients also have defects in neutrophils\monocytes [4, 9] . By contrast, the G6Pase enzyme\activity is not present in these blood cells, which suggests another role for the G6P transport protein in addition to supplying the substrate to the G6Pase enzyme.
A G6P transport activity has been occasionally reported in ER fractions from non-hepatic tissues [15] [16] [17] [18] , but it has not been extensively characterized. Anti-peptide antibodies against the liver G6PT1 have been raised by several labs ( [19, 20] and A. Benedetti and A. Burchell, unpublished work), but they are either poorly reactive or react with more than one band on Western blots. Two different G6PT1 mRNAs, arising by differential splicing of the same gene, have been detected by Northern blotting : the predominant liver form contains eight exons and a major brain form contains nine exons [21] . Northernblot analysis also revealed that G6PT1 messages are present in a variety of extrahepatic tissues and cells [22] , including leukocytes [22, 23] , but their sequences have not been determined. In
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subjects ; (ii) it was insensitive to the G6PT1 inhibitor chlorogenic acid ; and (iii) it was equally active towards G6P and glucose 1-phosphate, whereas G6PT1 is highly selective for G6P. Taken together, our results provide evidence for the presence of multiple transporters for G6P (and other hexose phosphoesters) in the endoplasmic reticulum.
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addition, G6P transport has not been characterized in microsomal fractions of non-hepatic tissues from GSD1b patients.
In the present study we have evaluated the G6P transport activity in microsomal fractions of fibroblasts from control humans and GSD1b patients. Both control and patient fibroblast microsomes possess very similar G6P transport activities, which exhibit different properties to liver microsomal G6P transport. Our results provide the first evidence for the existence of ER G6P transport activities unrelated to (liver) G6PT1 and encoded by gene(s) other than the GSD1b gene.
EXPERIMENTAL

Cell cultures
Skin fibroblast cultures were established from punch biopsies of two GSD1b patients and two healthy donors with parental consent. Fibroblasts between passages 5-25 were grown in monolayer culture in Dulbecco's modified Eagle's medium supplemented with 10 % heat-inactivated fetal-calf serum, 4 mM sodium lactate, 100 units\ml penicillin and 100 µg\ml streptomycin. HeLa cells were cultured as fibroblasts except that no sodium lactate and 2 mM glutamine were added to the medium. Fibroblasts from GSD1b patients showed the same growth rate, cell shape and morphology as fibroblasts from human control subjects.
Mutational analysis
The G6PT1 gene mutations were determined as reported in [6, 9] .
Reverse transcription (RT)-PCR assay of G6PT1
RNA from human fibroblasts and HeLa cells was isolated according to the SV Total RNA isolation procedure (Promega). A 5 µg portion of total RNA was reverse transcribed at 37 mC for 50 min in a volume of 25 µl with 50 mM Tris\HCl, pH 8.3, 50 mM KCl, 10 mM MgCl # , 0.5 mM spermidine, 10 mM dithiothreitol, 200 µM each dNTPs, 40 units of Rnasin Ribonuclease Inhibitor (Promega), 0.5 µg random hexamers and 2.5 units of avian myeloblastosis virus reverse transcriptase (Promega). The enzyme was inactivated at 90 mC for 5 min, and 10 µl of the cDNA was then combined with 10 mM Tris\HCl, pH 8.8, 50 mM KCl, 0.08 % Nonidet P40, 1.5 mM MgCl # , 200 µM each dNTPs, 0.2 µM forward primer (5h-TGCTGTTCATGATGGCTGGC-AT-3h), 0.2 µM reverse primer (5h-CTATGACTCCAAACAG-GGCAAT-3h) and 2.5 units of Taq Polymerase (Helena Biosciences, London, U.K.). The two primers are located respectively in exon 6 and exon 8 of the human G6PT1 [21] . PCR was carried out as follows : cycle 1, 95 mC (5 min), 50 mC (2 min), 72 mC (1 min) ; cycles 2-30, 95 mC (1 min), 50 mC (2 min), 72 mC (1 min), and elongation step, 72 mC (10 min). A 20 µl portion of the final mixture containing the PCR products (out of a total volume of 100 µl) were analysed on a 12 % acrylamide gel. The gel (8 cmi10 cm) was run at 100 volts and then silver stained (protocol modified from [24] ). The identity of the RT-PCR products was confirmed by DNA sequencing.
Preparation of microsomal fractions
Cultured HeLa cells and fibroblasts (90 % confluence) were harvested by plate scraping and washed twice with PBS. Cell pellets were resuspended (20 %, w\v) in 0.3 M sucrose, 10 mM Hepes (pH 7.2) including a cocktail of protease inhibitors (1 mM PMSF, 1 µM pepstatin A, 1 µM leupeptin and 1 µg\ml of aprotinin). Microsomes were then prepared from the suspensions of human fibroblasts and HeLa cells, as well from the liver of male Sprague-Dawley rats (180-230 g) according to [3] . Microsomal fractions were resuspended in 100 mM KCl, 20 mM NaCl, 1 mM MgCl # and 20 mM Mops (pH 7.2). The suspensions were rapidly frozen and maintained under liquid N # until used. Intactness of liver microsomes was inferred from the latency of mannose-6-phosphatase activity [3] , which was found to be greater than 90 % in all the preparations assayed. Due to the negligible G6Pase activity in fibroblast and HeLa cell microsomes, mannose-6-phosphatase activity could not be used to evaluate intactness. We therefore evaluated the permeability of fibroblast and HeLa microsomes towards the poorly permeant compound sucrose [2, 25] . To this end, microsomes were incubated in the presence of 1 mM sucrose plus ["%C]sucrose (1 µCi\ml) at 22 mC, as detailed in [26] . Steady-state levels of sucrose uptake were reached at incubation times 3 h in all the fractions employed, which was consistent with a low permeability to sucrose of microsomal membranes [2, 3, 25, 26] .
The total intravesicular space was evaluated by measuring the sucrose-accessible space of microsomes incubated for 6 h in the presence of 1 mM sucrose plus ["%C]sucrose (1 µCi\ml) at 22 mC [26] . The sucrose-accessible space was 1.91p0.63, 1.81p0.70, 2.07p0.52, 1.80p0.59, 1.71p0.38 and 3.43p0.42 µl\mg microsomal protein (meanspS.D. ; n l 3) in fibroblasts from GSD1b patient no. 1 and no. 2, fibroblasts from human control no. 1 and no. 2, and HeLa cells and rat liver respectively.
Uptake measurements
G6P and glucose 1-phosphate (G1P) microsomal uptake were measured as reported previously [3] . Briefly, microsomes (100-200 µg of protein\ml) were incubated in the KCl\Mops buffer (see above) in the presence G6P (1 mM, 10 mM or 30 mM) plus (8) (9) (10) . When required, the pore-forming antibiotic alamethicin (0.02 mg\ml) was added to the incubation mixture to distinguish the intravesicular and the bound radioactivity [3, 26] . The alamethicin-releasable portion of radioactivity was regarded as intravesicular [3] . At the indicated time intervals, aliquots (0.1 ml) were rapidly withdrawn and filtered through cellulose acetate\nitrate filters ( pore size 0.22 µm) and were washed with 4 ml of Hepes (20 mM) buffer, pH 7.2, containing 250 mM sucrose. During the measurement of G6P uptake, parallel filters were treated after wash with ZnSO % \Ba(OH) # to separate intravesicular glucose from G6P, as described in [3] . The radioactivity associated to microsomes retained by filters was measured by liquid-scintillation counting.
Assay of G6Pase
G6Pase activity was measured in native and alamethicinpermeabilized microsomes at 5 min of incubation in the KCl\ Mops buffer at 22 mC on the basis of ["%C]glucose production from ["%C]G6P, as detailed in [3] .
RESULTS
Fibroblasts were derived from two GSD1b patients who had the classic symptoms of the disease, including neutropenia. The mutations of the GSD1b gene in one of the patients (GSD1b no. 1) had been previously described by us [6] , and consisted of a deletion of glycine-1094, resulting in reading frame shift after methionine-308 and a stop codon at position 311 in one allele, as well as a glycine-to-alanine change at position 1068, resulting in an arginine-to-histidine change at position 300, in the other allele. Single-strand conformation polymorphism analysis and DNA sequencing of the coding region and exon-intron boundaries of the GSD1b gene revealed that the other patient (GSD1b no. 2) had a maternally inherited deletion of glycine-1094, resulting in reading frame shift after methionine-308 and a stop codon at position 311. The paternally inherited mutation was a threonine-to-cysteine change at position 716, resulting in a cysteine-to-arginine change at position 183.
To determine whether the G6PT1 mRNAs are expressed in fibroblasts, fragments of G6PT1 were amplified by RT-PCR from human fibroblast RNA from GSD1b patients and a control subject, and also from HeLa cell RNA. The primers were located in exons 6 and 8 of G6PT1, allowing amplification of either exon 6 and exon 8 (G6PT1 liver isoform, 147 bp) or exons 6, 7 and 8 (G6PT1 brain isoform, 213bp). Figure 1 shows that both isoforms are expressed in human fibroblasts (lanes 3 and 4, GSD1b no. 1 and no. 2 respectively ; lane 5, control no. 1) and also in HeLa cells (lane 6). However, in all cases, the results indicate that the
Figure 3 G1P uptake in microsomes isolated from human fibroblasts and HeLa cells
Microsomes obtained from fibroblasts and HeLa cells were assayed for G1P uptake upon addition of 1 mM G1P by a rapid filtration technique (see the Experimental section). (A-D) G1P uptake in fibroblast microsomes from control subject no. 1, control subject no. 2, GSD1b patient no. 1 and GSD1b patient no. 2 respectively. (E) Uptake of G1P in HeLa cell microsomes. ( ) The total amount of G1P associated with microsomal vesicles. Where indicated by the arrow, the pore-forming antibiotic alamethicin was added to allow distinction between intravesicular and bound hexose phosphate [3, 26] nine-exon G6PT1 ' brain ' isoform [21] is expressed at a lower level than the eight-exon ' liver ' isoform. Figure 2 illustrates that G6P uptake into microsomal vesicles is present in fibroblasts. The total amount of G6P that becomes associated with microsomes along the incubation time is shown in Figure 2 (open squares). The major portion of this G6P was released upon membrane permeabilization (on addition of alamethicin [3] ) in all cases, indicating that it was indeed intralumenal. A relatively low amount of G6P was also associated with microsomes which have been permeabilized with alamethicin prior to the start of the uptake assay (Figure 2, filled squares) . The intravesicular accumulation of G6P (open circles) was similar
Table 1 Effect of chlorogenic acid on the intravesicular accumulation of G6P and glucose, and G6Pase activity in microsomal vesicles
Intravesicular accumulation of G6P and glucose were measured after 5 min of incubation in the presence of 1 mM G6P by a rapid filtration technique, as described in the Experimental section. G6Pase activity was also measured with 1 mM G6P as substrate. Where indicated, microsomes were preincubated for 5 min (at 22 mC) with 2 mM chlorogenic acid before initiating assays, and the inhibitor (2 mM) was also present in the assay media. Where indicated, liver microsomes were preincubated at pH 5 to inactivate specific G6Pase enzyme activity as detailed in [3] Figure 3 illustrates that G1P uptake into microsomal vesicles is also present in fibroblasts. Again, the uptake of this hexose phosphate was similar in GSD1b patients and controls (compare Figures 3C and 3D with 3A and 3B) .
Both G6P and G1P were also transported into microsomes isolated from HeLa cells ( Figures 2E and 3E respectively) . The level of accumulation of both hexose phosphates in this case was lower than in microsomes from fibroblasts. The time course of the microsomal uptake was similar for G6P and G1P, both in human fibroblasts (independently of G6PT1 mutations) and HeLa cells. Intravesicular steady-state levels of both hexose phosphates accounted only for a portion of the total intravesicular volume estimated as sucrose-accessible space (Figures 2  and 3 , right-hand columns, values indicated by dotted lines).
The initial rate of G6P\G1P transport cannot be easily evaluated. At 10 s (the shortest detection time with the method applied) approx. 70 % of the steady-state level has already been taken up due to the limited intravesicular volume and the high rate of transport (Figures 2 and 3) . Similarly, the efflux of G6P\G1P provoked by the dilution of the medium (including microsomes pre-loaded with the phosphoesters) with G6P\G1P-free buffer resulted in the loss of 70 % of the intravesicular phosphoesters within 10 s (results not shown). Table 1 shows some features of intravesicular accumulation of G6P in rat liver microsomes, human fibroblast microsomes and HeLa cell microsomes. In liver microsomes the G6P taken into the lumen can be converted into glucose (and P i ) by the intralumenal G6Pase activity. In transport assays using ["%C]G6P, the radioactivity accumulated into microsomal lumen is therefore a mixture of ["%C]glucose and ["%C]G6P [3] . In liver microsomes lumenal ["%C]glucose exceeds ["%C]G6P by approx. 10 : 1 because of the high hydrolytic rate of the G6Pase enzyme (Table 1) and the relatively low rate of release of glucose [3, 27] . The block of the enzyme activity by preincubation of liver microsomes at pH 5 (Table 1 ) resulted in a dramatic change in the lumenal ratio, with ["%C]G6P accumulation now exceeding that of ["%C]glucose. The decrease in G6Pase activity after preincubation at pH 5 (Table 1) also resulted in an increase (approx. 3-fold) of the intravesicular accumulation of G6P. Treatment of liver microsomes by the G6PT1 inhibitor chlorogenic acid [28] resulted in a decrease of the accumulation of both ["%C]G6P and ["%C]glucose, and in a significant inhibition of G6Pase activity in intact, nonpermeabilized microsomes (Table 1) .
In fibroblast microsomes from both GSD1b patients and controls ["%C]G6P, but not ["%C]glucose, was accumulated (Table  1) . This is consistent with the negligible level of G6Pase activity found in fibroblast microsomes (Table 1) . Similar results were obtained with HeLa cell microsomes ( Table 1) . Chlorogenic acid had no effect on G6P uptake in either fibroblast or HeLa cell microsomes (Table 1) . Chlorogenic acid had also no effect on G1P transport in fibroblast microsomes from both control and GSD1b subjects, as well as from HeLa cells (results not shown).
DISCUSSION
Both the patients investigated in this study presented classical symptoms of type 1 GSD, including hypoglycaemia. There was no doubt that in both cases liver glucose production was seriously impaired. In addition, the mutations found in the GSD1b gene are consistent with non-functional G6PT1 protein in both cases, i.e. both have stop mutations in one allele and one of the point mutations (arginine-to-histidine change at position 300) has recently been shown to produce a non-functional protein in transfected COS cells [12] . In spite of this defect, microsomes isolated from the fibroblasts of these patients are still able to transport G6P. The simplest explanation for this observation is that transporter(s) other than the liver G6PT1 are expressed in the ER membrane and mediate the entry of the phosphoester. Obviously, this novel G6P transport system(s) must be encoded by other gene(s). The lack of inhibition of the fibroblast ER G6P transport by chlorogenic acid, a well-established inhibitor of liver G6PT1 [28] , is also consistent with the existence of different transport proteins. Another difference between the fibroblast transport system(s) and liver G6PT1 is that the former equally transports G6P and G1P (Figure 2 ), whereas the latter is highly specific for G6P [26] . To avoid confusion with G6PT1, we propose that the novel transport activity measured in fibroblasts be called glucose phosphate transporter (GPT).
HeLa microsomes have a similar transport activity to that of fibroblast. In fact, they transport both G6P and G1P at a very similar rate and levels of steady-state accumulation (Figure 2) . Moreover the G6P transport in HeLa microsomes is insensitive to the G6PT1 inhibitor chlorogenic acid (Table 1) . Previous reports show that G6P can enter microsomes from a variety of extrahepatic tissues, including brain [15, 18] , heart [18] , skeletal muscle [16, 25] and adrenal glands [17] . Neither G1P transport nor chlorogenic acid inhibition was studied in these reports ; however, the transport systems described appeared less specific than in liver microsomes. Other phosphoesters, e.g. mannose 6-phosphate and 2-deoxyglucose 6-phosphate, entered brain and muscle microsomes [15, 16, 18] . It is therefore possible that GPT is also present in tissues other than those investigated here.
GPT may also be operative in liver microsomal vesicles at a relatively low level compared with G6PT1 since there is some G6P uptake and G6Pase activity in intact microsomes that is not inhibited by chlorogenic acid (Table 1) . Consistent with this possibility, we previously observed [26] that G1P is also taken up by liver microsomes, and that its uptake results in negligible glucose accumulation. The lack of glucose accumulation indicates that G1P is transported into vesicles lacking G6Pase enzyme activity, since G1P is a good substrate for the G6Pase enzyme [26] . Classic reports on the localization of the G6Pase enzyme activity in liver ER in situ [29] , and in isolated liver microsomal vesicles [30] , indicated that the enzyme is not present in all vesicles, even though it is evenly distributed throughout the entire ER network. In liver, GPT activity is therefore probably not involved in G6P hydrolysis by the G-6-Pase enzyme.
It is possible that G6PT1 is also present in relatively low levels compared with the GPT in the fibroblast (and HeLa) microsomes. The fact that RT-PCR indicates the message for both the eightand nine-exon forms of G6PT1 to be present in these cells (Figure 1 ) is consistent with this possibility. Northern-blot analysis has also shown the presence of G6PT1 messages in a variety of tissues, including HeLa cells [10] . The relative contribution of the two systems to the total G6P transport cannot be evaluated because of the high rate of uptake. However, the G6PT1-mediated transport cannot be dominant since no significant differences were observed between fibroblast microsomes isolated from GSD1b patients and control subjects (Figures 2 and 3) , and there was no significant inhibition of G6P transport by chlorogenic acid in fibroblast microsomes from patients and controls (Table 1 ). In addition, the pathology in GSD1b does not indicate any fibroblast impairment.
The existence of a second microsomal G6P transport system raises the possibility that in some circumstances it may (partially) compensate for the loss of G6PT1 in GSD1b patients. For example some GSD1b patients present with no apparent leucocyte defect [6, 7, 13] The physiological role of GPT is unknown. One possibility is that it supplies hexose phosphates to hexose-phosphate dehydrogenase, which is present in the lumen of the ER [31] [32] [33] . Alternatively, it may serve as a G6P sensor in non-gluconeogenic cells, as speculated in [10] .
